Huthnance [Estuarine Coastal Mar. Sci. 1973, 1, 89-99] is reviewed, whereby an oscillating tide over bathymetric features induces a mean flow generally along isobaths. The effect is a superposition of Coriolis and frictional processes. These are discussed with the intention of elucidating the processes for a more general readership. Induced velocities of order several cm s −1 are expected around the UK shelf seas. The effect is dynamically significant over bathymetric scales of order a few kilometres and has previously been of most interest to dynamicists studying processes on this scale. However, with the increase in computing power, appropriate scales can be simulated in shelf-wide regional models and in next generation operational models. It is demonstrated that this small-scale effect is likely to be important for shelf-wide regional models and that a spatial resolution of at least 1.8 km is recommended for shelf sea simulations.
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Introduction
This piece of work appears to have been largely picked up by sediment dynamicists (Dyer 1986 ), but also presents contemporary challenges for wide-area shelf sea models. The aim of this article is to interpret the original work in a way that might engage with a broader readership; discuss its relevance for the UK shelf seas; and present the implications and challenges associated with numerical simulation. As a consequence of broadening the appeal of the Huthnance (1973) , approximations necessarily are made. The reader is referred to the original manuscript for a precise treatment of the problem.
In section 2, the principle mechanisms are discussed. Estimates of the tidal residual are computed in section 3. A discussion follows in section 4.
Mechanistic description of the tidally induced flow
In this section, a simplified interpretation is given to explain how the oscillatory flow can induce a mean flow along isobaths. The interpretation attributes the net circulation to two processes: (1) Coriolis effects and (2) inertia or frictional effects. These are investigated in turn.
Coriolis effect
The first effect analysed in Huthnance (1973) that induces a mean circulation under the action of oscillating tides over a variable bathymetry is interpreted as a result of the rotation of the Downloaded by [92.17.91 .32] at 00:41 26 September 2014 planet. Potential vorticity, Q, is an important dynamical quantity that captures the essence of the fluid dynamics in the rotating frame and is defined as the ratio of relative, ω, and planetary vorticity, f , to the depth of the fluid, h:
Informally, the concept of potential vorticity conservation is introduced by analogy with a spinning volume that conserves both its angular momentum and its mass. In the ocean, if a water column is stretched (squashed) by advection off (onto) a bathymetric feature, then, in order to conserve its potential vorticity, it would acquire (lose) relative vorticity. In the northern hemisphere, the net effect of an oscillatory flow of this type is to induce a negative vorticity anomaly over the bathymetric feature. A negative vorticity anomaly is associated with a clockwise circulation around the feature (figure 2).
Inertia and frictional effects
The interpretation of the inertia effect is based firstly on the premise that friction is relatively more important for the water column as a whole in shallower water, since fractionally more of the fluid column is within the frictional boundary layer ( figure 3(a) ). Thus, in deeper fluid, tidal currents generally have a surplus of momentum relative to the shallower fluid. In a rapidly adjusting fluid, the across-ridge component then advects the deep along-ridge "surplus" onridge and the shallow along-ridge "deficit" off-ridge ( figure 3(b) ). The net effect, over a tidal cycle, is to flux a mean along-ridge momentum onto the slope of the ridge. The sign, or direction, of this mean flow is determined by the along-ridge direction of the tidal current in the on-ridge phase ( figure 3(c) ). This frictionally controlled mechanism was further discussed and extended to consider the effects not just of bottom friction but also lateral friction at the coastline (Zimmerman 1981) .
Shown in figure 4 , tidal flow parallel to frictional sea boundaries induces relative vorticity with a sign that alternates with the ebb and flood tide. In addition, if the magnitude of the tidal current varies in the along-shore direction, through, for example, an increasing damping effect of friction in a shallowing estuary, then the magnitude of the induced vorticity will similarly Downloaded by [92.17.91.32] vary in the along-shore direction. The tidally averaged vorticity at any point in the domain will be biased towards the larger of the ebb or flood component, which will correspond to the flow from the deeper part of the domain. In an idealised shoaling estuary, this will correspond to the flood phase of the tide, as the estuary fills and the induced vorticity will correspond to a flushing circulation that leaves the estuary along the coastlines. Similarly, protruding headlands can induce anomalously large frictional vorticity responses to the ebb and flooding tides. The headland plays an equivalent role to the shoaling estuary by introducing spatial variability in the magnitude of induced vorticity in the along-coast direction. This will bias the tidally averaged vorticity in the neighbourhood of the headland and correspond to a circulation with a near coastline component that converges at the headland (figure 5).
Application to UK shelf seas
It is reasonable to ask how important tidal rectification of shelf sea currents is for the UK shelf seas and to make an assessment of whether or not they are simulated in shelf wide-area models. In this section, an estimate for the residual circulation is inferred from maps of the M2 tidal excursion (being the most energetic tidal constituent) and bathymetry. In particular, the tidal range map is derived from tidal velocities u M2 from the 3D shelf-wide hydrodynamic POLCOMS, at 1.8 km resolution, (Holt and Proctor 2008) using bathymetry from NOOS (Verlan and Proctor 2004) . Then, a point-wise estimate of the tidally induced mean flows is made by considering the mean effect of vortex stretching of water columns as they are advected Downloaded by [92.17.91 .32] at 00:41 26 September 2014 back and forth across variable bathymetry, h, with a tidal period, T . There are two horizontal length scales in this physical problem. The scale of the bathymetry,
and the scale of the tidal excursion (for M2 tidal velocity u M2 ),
which is twice the amplitude of the lateral tidal displacement. These are shown in figures 6(a) and (b). The degree to which these scales are numerically resolved will impact a simulation's ability to capture tidally rectified flows. Clearly, a numerical resolution that adequately resolves the smaller of L T and L B would suffice, but it would also be computationally very demanding. Zimmerman (1981) when L T >> L B , the vortex compression and stretching processes will not be strongly correlated to the phase of the tide, resulting in a diminished time mean effect. Conversely, if L T << L B , then the water column will not significantly feel variable bathymetry over a tidal cycle. Following Robinson (1981) , a point-wise estimate for the magnitude of the induced current is given by
where f is the Coriolis parameter, h/ h is the maximum fractional change in water depth within a tidal period and α is tuned to capture frictional effects for the case L T < L B (Robinson 1981) or to turn the process off for L B < L T (which would otherwise give unbounded values as L B → 0). The maximal fractional change in water depth is given by the ratio of upslope tidal excursion L ⊥ T and L B . Algebraically, L ⊥ T is defined similarly to L T , as a point-wise tidal excursion, but it is projected onto the upslope direction ∇h, giving
Figures 7 and 8 highlight that there are a significant number of the locations around the northwest European shelf seas that are predicted to have tidal mean flows in excess of 2 cm s −1 , and in some locations 5 cm s −1 . These are mostly coastal locations (including the southern North Sea which motivated the original Huthnance paper), but there are open-sea locations too, such as in the Celtic Sea, where there are significant submarine bathymetric features approaching the shelf break and would be expected to scale with the spring-neap phase. These persistent currents, especially near the coastlines and shelf break, could have a significant impact on biogeochemical pathways within shelf seas as well as persistent exchange channels between the shelf seas and open ocean.
Comparison of U (figure 7) with L T and L B highlights that elevated values of U qualitatively coincide with relatively long tidal excursions (figure 6(a)) and relatively short bathymetric length scales ( figure 6(b) Though equation (4) does not capture the potential for neighbouring locations to connect via a residual current, nor does it has a dynamic representation of the frictional effects that may enhance or diminish the induced mean currents, it does give a first-order estimate of the tidally induced persistent currents. Furthermore, it highlights that tidal excursions of order 5-10 km must be resolved for effective simulations at the peak in the probability density function for U > 0.02 m s −1 .
Discussion
Huthnance (1973) develops two additive processes for inducing mean currents from oscillating flow over variable bathymetry: a Coriolis (vortex stretching) and an inertia / frictional effect. The Coriolis effect is estimated for the north-west European shelf sea. It is found that there are a number of regions where mean flows are of order 0.05 m s −1 . Flows of this magnitude could have socio-economic relevance: acting as connectivity pathways for marine ecosystems; transporting sediments, nutrients and pollutants and enhancing shelf-edge exchange with the open ocean.
Analysis of the estimated tidally induced flow (figure 8) as a function of the length scales L T and L B supports the hypothesis that U is maximal when the L T and L B are comparable, but also that the dominant length scale is relatively short (L T ∼ 5 − 7.5 km) for more modest but prevalent residual flow estimates. A 1.8 km resolution model, for example (Holt and Proctor 2008) , or the new Met Office led UK Environmental Prediction system (which will resolve the shelf seas at 1.5 km) would capture this limiting tidal excursion length scale and would, Downloaded by [92.17.91 .32] at 00:41 26 September 2014 therefore, capture the largest contributions of the tidally induced flow. However, the current Met Office 7 km resolution operational model for shelf seas (O'Dea et al. 2012) will clearly not resolve these scales and will, therefore, poorly resolve tidally induced residual flows.
Noting the tidal residual hotspots (figure 7), it is anticipated that canyons in the south-west Celtic Sea, that extend from the shelf break onto the shelf, could act as important channels for persistent exchange of water masses. Similarly, tidal residual flows could be important for flushing freshwater and its solute load out of coastal areas around The Wash in southeast England or it could determine the flushing timescales of the Irish Sea through the North Channel.
No estimate has been made here to quantify the effect of stratification on the tidal residual, though the candidate hotspots suggested in figure 7 correspond to permanently mixed regions of the shelf sea, that are well predicted by the h/u 3 Simpson and Hunter (1974) mixing parameter (with the notable exception of the Celtic Sea, which is seasonally stratified).
In order to assess the connectivity issues arising from tidal rectification and to better include friction effects, Lagrangian experiments must be conducted in simulations with and without tides. Work is underway as part of the NERC FASTNEt programme to build a 1.8 km model that spans the entire shelf and shelf break and with which these questions, and others, can be investigated. a broad range of specialisms. Of course, figuring out what are the important problems to solve is no small part of this challenge, but I'm sure that John's involvement in observational programmes, management and policy has certainly informed him well. His example serves as a contemporary model and challenge to all. Thank you to the reviewer for their helpful comments. This work was funded under the Natural Environment Research Council (NERC) FASTNEt consortium [NE/I030259/1] and was a JCOMP scoping activity.
